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Abstract
Top flavour-changing neutral decays are extremely suppressed within the Standard Model (SM) by the GIM mechanism, but
can reach observable rates in some of its extensions. We compute the branching ratios for t → cγ and t → cg in minimal SM
extensions where the addition of a vector-like up or down quark singlet breaks the unitarity of the 3× 3 Cabibbo–Kobayashi–
Maskawa (CKM) matrix. The maximum rates obtained indicate to what extent present experimental data allow 3 × 3 CKM
unitarity to be broken in these models, and are too small to be observed in the near future. As a by-product, we reproduce the
calculation of these branching ratios in the SM, and with an improved set of parameters we obtain values one order of magnitude
smaller than the ones usually quoted in the literature. We study the CP asymmetries between the decay rates of the top quark
and antiquark, which can be much larger than in the SM, also as a consequence of the partial breaking of 3× 3 CKM unitarity.
 2002 Elsevier Science B.V.
1. Introduction
The arrival of top factories, LHC and TESLA, will
bring a tremendous improvement in our knowledge
of top quark properties [1,2]. In particular, the large
top samples produced will allow to perform precision
studies of top rare decays. In this field, flavour-
changing neutral (FCN) decays t → cZ, t → cγ ,
t→ cg, deserve special attention. Within the Standard
Model (SM) they are mediated at lowest order in
perturbation theory by penguin diagrams with quarks
of charge Q = −1/3 inside the loop. Due to the
smallness of down-type quark masses compared to
MW , these decays are very suppressed by the GIM
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mechanism, in contrast with processes like b→ sγ ,
with diagrams with a top quark in the loop. This
extra suppression results in decay rates O(10−10)
or smaller [3]. On the other hand, in several SM
extensions the branching ratios for FCN top decays
can be orders of magnitude larger. For instance, in two
Higgs doublet models Br(t → cZ) ∼ 10−6, Br(t →
cγ )∼ 10−7, Br(t → cg)∼ 10−5 can be achieved [4].
In supersymmetric models with R parity conservation
these branching ratios can reach Br(t → cZ)∼ 10−6,
Br(t→ cγ )∼ 10−6, Br(t→ cg)∼ 10−5 [5,6].
Here we are interested in the possible enhancement
of these rates in models with vector-like quark sin-
glets. The addition of quark singlets to the SM particle
content represents the simplest way to break the GIM
mechanism consistently. In these models, the 3 × 3
Cabibbo–Kobayashi–Maskawa (CKM) matrix is not
unitary, and thus FCN couplings to the Z boson appear
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at tree-level. FCN couplings between light quarks are
experimentally constrained to be very small, but this is
not the case for the top quark. Actually, top FCN ver-
tices can mediate the decays t→ uZ and t→ cZ, giv-
ing observable rates in models with up-type singlets
[7]. The largest branching ratios allowed by present
experimental data are Br(t → uZ) = 7.0 × 10−4,
Br(t → cZ) = 6.0 × 10−4 [8], much smaller than
present direct limits Br(t → uZ),Br(t → cZ) 0.08
[9] but still observable at LHC [10–12] and TESLA
[13–15]. In this Letter we investigate the enhancement
of the branching ratios for the two other FCN decays,
t → cγ and t → cg, in the presence of either up or
down singlets. We find the rates of these processes al-
lowed by present experimental constraints, and study
how the GIM suppression takes place in these models.
For completeness we also quote without discussion the
results for t → uγ and t → ug, which in the SM are
suppressed by the ratio |Vub/Vcb|2 with respect to the
former, but in these SM extensions can have the same
magnitude.
2. Overview of the Lagrangian
A full discussion of the Lagrangian in the weak
eigenstate and mass eigenstate bases can be found for
instance in Refs. [16,17]. Here we only collect the
terms of the Lagrangian in the mass eigenstate basis
relevant for our study. We consider the SM extended
with nu up singlets and nd down singlets, with nu,
nd arbitrary for the moment. The charged current
Lagrangian is
(1)LW =− g√
2
u¯Lγ
µV dLW
+
µ + h.c.,
with V the generalised CKM matrix, of dimension
(3 + nu) × (3 + nd). The neutral-current Lagrangian
describing the interactions with the Z boson is
LZ =− g2cW
(
u¯Lγ
µXuuL − d¯Lγ µXddL
(2)− 2s2WJµEM
)
Zµ,
where Xu, Xd are Hermitian matrices of dimension
(3+ nu)× (3+ nu) and (3+ nd)× (3+ nd), respec-
tively. These matrices can be related to the CKM ma-
trix by Xu = V V †, Xd = V † V . The interactions with
the unphysical charged scalars φ± are given by
(3)
Lφ =− g√
2MW
u¯
(MuV PL − VMdPR)dφ+ + h.c.,
withMu andMd the diagonal mass matrices for the
up and down quarks. The terms corresponding to the
unphysical neutral scalar χ are
Lχ = ig2MW
[
u¯
(MuXuPL −XuMuPR)u
(4)− d¯(MdXdPL −XdMdPR)d]χ.
Finally, the terms describing the interactions with the
Higgs boson are
LH = g2MW
[
u¯
(MuXuPL +XuMuPR)u
(5)+ d¯(MdXdPL +XdMdPR)d]H.
In our analysis of t → cγ and t → cg we discuss the
two simplest cases: nu = 1, nd = 0 (which will be
called Model I) and nu = 0, nd = 1 (Model II). These
two cases correspond to CKM matrices of dimension
4 × 3 and 3× 4, respectively, and in both models the
CKM matrix is a submatrix of a unitary 4× 4 matrix.
3. Calculation of the decay rates
Using unbroken SU(3) × U(1) gauge invariance
and the facts that final state particles are on-shell and
the photon has transverse polarisation, the transition
amplitude for t→ cγ can be written with all general-
ity as
M(t→ cγ )
(6)= u¯(pc)
[
iσµνqν
(
Aγ +Bγ γ5
)]
u(pt )%
∗
µ(q),
with pt and pc the momenta of the top and charm
quarks, respectively, q = pt − pc the photon momen-
tum and % its polarisation vector. This expression also
assumes that the top quark is on-shell, which is an
excellent approximation. A similar structure is valid
for t → cg, with form factors Ag and Bg . In order
to compute the amplitude the form factors are writ-
ten in terms of Passarino–Veltman integrals [18] us-
ing FORM [19]. The integrals are numerically evalu-
ated using LoopTools [20]. The Feynman diagrams
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Fig. 1. Feynman diagrams contributing to the t→ cγ decay amplitude in the SM and Model II.
relevant for t → cγ in the SM and Model II are de-
picted in Fig. 1. In the SM the down-type quarks di in
the loops are di = d, s, b, while in Model II there is an
extra heavy quark B . The contributions of these dia-
grams to Aγ and Bγ in the ’t Hooft–Feynman gauge
are collected in Appendix A. The diagrams relevant
for Ag and Bg are the analogous to (1a) and (1b) in
Fig. 1 but replacing the outgoing photon by a gluon.
In Model I there are extra diagrams with up-type
quarks ui = u, c, t, T in the loops (see Fig. 2). These
diagrams have one FCN vertex for ui = c, t and two
for ui = u,T , in which case they are very suppressed.
The flavour-diagonal vertices are modified with re-
spect to the SM value. For instance, the diagonal cou-
plings of a quark q = ui, di to the Z boson are
c
q
L =±Xqq − 2Qqs2W ,
(7)cqR =−2Qqs2W ,
as can be seen from Eq. (2), with the plus (minus)
sign for up (down) quarks. The interactions with the
unphysical scalar χ and the Higgs boson can be read
from Eqs. (4), (5). The contributions of these diagrams
to Aγ and Bγ can be found in Appendix A.
We perform the computation keeping all quark
masses. For external quarks we use the pole masses
mt = 174.3 GeV, mc = 1.5 GeV. For internal quarks
it is more adequate to use MS masses at a scale
O(mt), rather than pole masses. This is an important
difference due to the strong dependence on the b quark
mass as a consequence of the GIM suppression. For
a pole mass mb = 4.7 ± 0.3 GeV, m¯b(mt) = 2.74 ±
0.17 GeV [21].
In the limit mc = 0 the vector and axial form factors
are equal: Aγ = Bγ , Ag = Bg . Since mc is small,
Aγ  Bγ , Ag  Bg and the effective couplings are
predominantly right-handed. One important feature is
that the form factors acquire imaginary parts from the
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(3a) (3b), (3c)
Fig. 2. Additional Feynman diagrams contributing to the t → cγ decay amplitude in Model I. The diagrams for t → cg are similar, replacing
the photon by a gluon.
contributions with d , s, b quarks (and u, c quarks
in the extra diagrams present in Model I). These
imaginary parts are one of the ingredients needed in
order to have CP asymmetries Γ (t → cγ ) = Γ (t¯ →
c¯γ ), which will be analysed in detail later.
From Eq. (6), the partial widths of these processes
are
Γ (t→ cγ )= 1
π
[
m2t −m2c
2mt
]3(|Aγ |2 + |Bγ |2),
(8)Γ (t→ cg)= CF
π
[
m2t −m2c
2mt
]3(|Ag|2 + |Bg |2),
with CF = 4/3 a colour factor. In the SM, as well
as in our models, the total width is dominated by
the leading decay mode t → bW+, Γ (t → bW+) =
1.57|Vtb|2 for mt = 174.3 GeV, MW = 80.39 GeV.
The branching ratios are then
Br(t→ cγ )= Γ (t→ cγ )
Γ (t→ bW+) ,
(9)Br(t→ cg)= Γ (t→ cg)
Γ (t→ bW+) .
We do not use the next-to-leading order partial width
Γ (t → bW+) = 1.42|Vtb|2 for consistency, because
our calculation for t→ cγ , t→ cg is at leading order.
We have checked that using the set of input para-
meters of Ref. [3] our results agree with the results
presented there. For the calculation of the branching
ratios within the SM we take |Vus | = 0.2224, |Vub| =
0.00362, |Vcb| = 0.0402. These values are obtained
performing a fit to the six measured CKM matrix ele-
ments, using 3 × 3 unitarity. The phase δ in the stan-
dard parameterisation [22] is δ = 1.014, obtained with
a fit to ε, ε′/ε, aψKS and |δmB | (see Ref. [8]). The SM
predictions are
Br(t→ cγ )= (4.6+1.2−1.0 ± 0.4+1.6−0.5)× 10−14,
(10)Br(t→ cg)= (4.6+1.1−0.9 ± 0.4+2.1−0.7)× 10−12.
The first uncertainty comes from the bottom mass,
the second from CKM mixing angles and the third is
estimated varying the renormalisation scale between
MZ (plus sign) and 1.5mt (minus sign). These figures
are ten times smaller than the ones quoted in Ref. [3],
where the pole mass is used for the internal b quark
(mb = 5 GeV is assumed). The uncertainty in the top
mass does not affect these values, because the partial
widths of t→ cγ , t→ cg are proportional to m3t , and
the partial width of t → bW+ is approximately given
by
Γ
(
t→ bW+)
(11)= g
2
64π
|Vtb|2 m
3
t
M2W
[
1− 3M
4
W
m4t
+ 2M
6
W
m6t
]
.
Hence, the leading dependence on mt cancels in the
ratios and the uncertainty in mt hardly affects the
numbers quoted in Eqs. (10). The SM predictions for
t→ uγ and t→ ug are
Br(t→ uγ )= (3.7+1.0−0.8 ± 2.1+1.3−0.4)× 10−16,
(12)Br(t→ ug)= (3.7+0.9−0.8 ± 2.1+1.7−0.5)× 10−14,
suppressed by a factor |Vub/Vcb|2  8×10−3 with re-
spect to top decays to a charm quark. The uncertainties
have the same origin as in Eqs. (10).
4. CKM unitarity and GIM suppression
Let us discuss how the GIM mechanism suppresses
these processes within the SM and how this suppres-
sion can be partially removed with the addition of
vector-like singlets. We only study t → cγ , the dis-
cussion of t→ cg is formally identical. In the SM and
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Fig. 3. Loop functions fγA(mi) and f ′γA(mi) for down-type internal quarks (notice the different scales).
Model II the form factors for the γ tc vertex can be
decomposed as
Aγ =
∑
i
fγA(mi)λ
i
ct ,
(13)Bγ =
∑
i
fγB(mi)λ
i
ct ,
where i = 1,2,3 in the SM and i = 1, . . . ,4 in
Model II, fγA(mi), fγB(mi) are functions of the in-
ternal quark mass and λict = VciV ∗t i are CKM factors.
We have dropped the bar over mi , which are under-
stood as MS masses. Since fγA(mi)  fγB(mi), we
only analyse Aγ . The mass dependence of the real and
imaginary parts of fγA(mi) is shown in Fig. 3.
In order to estimate the branching ratio for t→ cγ
we make the approximation fγA(md) = fγA(ms) =
fγA(0) for the moment. Then, using
(14)λdct + λsct + λbct + λBct = 0,
as implied by the unbroken row unitarity of the 3 × 4
CKM matrix V , we have
Aγ =
[
fγA(mb)− fγA(0)
]
λbct
+ [fγA(mB)− fγA(0)]λBct
(15)≡ f ′γA(mb)λbct + f ′γA(mB)λBct .
Therefore, the decay amplitude is actually controlled
by the shifted function f ′γA(mi), plotted in Fig. 3 as
well. The parameter λBct measures the orthogonality of
the c and t rows of the 3×3 CKM submatrix V3×3 (see
Eq. (14)), i.e., the breaking of the GIM mechanism
in this process. The SM limit is recovered setting
λBct = 0, so the only contribution to the form factor
is given by the small function f ′γA(mb)  −9.1 ×
10−9 − 4.7 × 10−9 i multiplied by λbct  0.04. With
an extra down quark, there is a new term with a larger
function f ′γA(mB)  4.9 × 10−7 + 6.0 × 10−6 i (for
mB = 200 GeV), which is however suppressed by λBct .
The parameter λBct can be related to the breaking
of the column unitarity of V3×3. This is easily under-
stood, because if the columns of this submatrix are
orthogonal, so must be the rows. The explicit rela-
tion can be written using the extension of the Wolfen-
stein parameterisation [23] in Ref. [24]. Assuming that
Xds,Xdb,Xsb ∼ λ4, 1−Xss ∼ λ3 and 1−Xbb ∼ λ3,
we have
−λBct =
3∑
i=1
VciV
∗
t i
=Xsb − λXdb +Aλ2 (Xbb −Xss)
(16)− λ
2
2
Xsb +O
(
λ7
)
.
This equation shows how the breaking of the orthogo-
nality of the first three columns of V “propagates” to
the second and third rows. The effect of the new quark
can be estimated with λ 0.22, A 1 and the typical
values Xdb ∼ 10−3, Xsb ∼ 10−3, Xbb − Xss ∼ 10−3
[8], obtaining λBct  Xsb ∼ 10−3. With this value the
B contribution is 20 times larger than the b term, giv-
ing Br(t→ cγ )∼ 10−11.
In Model I, neglecting for the moment diagrams
with two FCN vertices, Aγ can be decomposed as
(17)Aγ =
3∑
i=1
fγA(mi)λ
i
ct + gγAXct ,
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with gγA the sum of the c and t diagram contributions,
which is roughly of the same size as the fγA functions.
In this model we have the relation
(18)λdct + λsct + λbct =Xct
expressing the non-orthogonality of the second and
third rows of the CKM matrix, of dimension 4 × 3
in this case (compare with Eq. (14)). Hence, the form
factor is written as
Aγ =
[
fγA(mb)− fγA(0)
]
λbct +
[
gγA + fγA(0)
]
Xct
(19)≡ f ′γA(mb)λbct + g′γAXct ,
with g′γA =−4.4×10−6−4.8×10−6 i . In this model
the FCN couplingXct can be Xct ∼ 0.04 for Vtb ∼ 0.6
[8], yielding a branching ratio Br(t → cγ ) ∼ 5 ×
10−8.
We note that the larger branching ratio achieved
in Model I is not a consequence of the presence
of a tree-level coupling Ztc, which appears in the
expressions of the form factors on the same footing as
the parameter λBct . Moreover, the loop integrals of the
new physics contributions of Model I, g′γA =−4.4×
10−6 − 4.8 × 10−6 i and of Model II, f ′γA(mB) 
4.9 × 10−7 + 6.0 × 10−6 i , are very similar. The
only reason for the larger branching ratio in Model I
is that Xct  λBct , that is, unitarity of V3×3 can be
broken to a lesser extent in Model II due to the strong
requirements on FCN couplings between light quarks.
Additionally, Vtb can be smaller in Model I, and the
total top width is reduced.
We are also interested in the CP asymmetry
(20)aγ = Γ (t→ cγ )− Γ (t¯→ c¯γ )
Γ (t→ cγ )+ Γ (t¯→ c¯γ ) .
This interest is mainly academic, because if the
branching ratios are unobservable, even less are the
asymmetries. However, the latter show how large CP
asymmetries at high energy are possible in these SM
extensions. Here we analyse in detail aγ in Model II,
the results for Model I are similar but more involved.
The form factors for t¯→ c¯γ are
(21)A¯γ = f ′γA(mb)λb∗ct + f ′γA(mB)λB∗ct ,
and an analogous expression for Bγ . The asymmetry
can be written as aγ =Nγ /Dγ , with
Nγ =−2 Im
[
f ′γA(mb)f ′
∗
γA(mB)
+ f ′γB(mb)f ′∗γB(mB)
]
Im
[
λbctλ
B∗
ct
]
,
Dγ =
[∣∣f ′γA(mb)∣∣2 + ∣∣f ′γB(mb)∣∣2]∣∣λbct ∣∣2
+ [∣∣f ′γA(mB)∣∣2 + ∣∣f ′γB(mB)∣∣2]∣∣λBct ∣∣2
+ 2 Re[f ′γA(mb)f ′∗γA(mB)
+ f ′γB(mb)f ′∗γB(mB)
]
(22)× Re[λbctλB∗ct ].
A few comments are in order.
(1) The CP asymmetry aγ is proportional to the
imaginary part of the rephasing-invariant quartet
λbctλ
B∗
ct = VcbV ∗cBV ∗tbVtB . This is expected from
general grounds. In fact, it can be shown that in
a model with an extra down singlet all CP vio-
lating observables at high energy (that is, when
mu,d,s ∼ 0 compared to the scale of energy in-
volved) must be proportional to ImVcbV ∗cBV ∗tbVtB ,
ImVcbV ∗cBXbB , ImVtbV ∗tBXbB , or a combination
of them [25].
(2) The SM limit is recovered setting λBct = 0, obtain-
ing a vanishing CP asymmetry. It is well known
that CP asymmetries at high energy are very small
in the SM [26], due to: (i) the smallness of mu,
md and ms , what leads to a more efficient GIM
cancellation; (ii) the small mixing between the
top and the first two generations. When all the
quark masses are kept in the computation a non-
vanishing but a negligible asymmetry aγ ∼−6×
10−6 is obtained. For the gluon case, the asymme-
try ag ∼−5× 10−6 is also extremely small.
(3) Since CPT invariance requires that the total width
of the top and the antitop are equal, the different
partial widths Γ (t → cγ ) = Γ (t¯ → c¯γ ) must be
compensated in other channel. In this case, the
compensating decay channels are the SM leading
modes t → bW , t → sW , t → dW and their
conjugate processes [26].
(4) The large phases in the functions f ′γA, f ′γB
allow to obtain relatively large CP asymmetries,
provided Im λbctλB∗ct is sizeable.
5. Results
We explore the parameter space of Models I and
II to find the maximum values of Br(t → cγ ) and
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Br(t→ cg) allowed by present experimental measure-
ments. The constraints on these models come from
precision electroweak data, K and B physics and
atomic parity violation (the details of the analysis can
be found in Ref. [8]). We take all the quark masses into
account, and require that the mass of the new quark is
larger than 200 GeV to satisfy the limits from direct
searches. In Model I, assuming that the new quark has
a mass mT = 200 GeV, we find the maximum rates
Br(t→ cγ )= 4.5× 10−8,
(23)Br(t→ cg)= 8.9× 10−7,
corresponding to |Xct | = 0.037, |Vtb| = 0.58. (The
branching ratios scale with |Xct |2 approximately.) For
larger mT , the allowed values of |Xct | are smaller
[8], and these branching ratios decrease. The CP
asymmetries corresponding to the figures in Eqs. (23)
are negligible,
aγ =−0.0006,
(24)ag =−0.002,
because the rates are dominated by the Xct term. The
asymmetries can have values in the range −0.5 
aγ  0.4, −0.9 ag  0.6, but only reach the bound-
aries of these intervals for branching ratios much
smaller than those in Eqs. (23). The results for decays
to up quarks are a little larger,
Br(t→ uγ )= 4.6× 10−8,
(25)Br(t→ ug)= 9.2× 10−7.
In Model II, assuming that the mass of the new quark
is mB = 200 GeV, we have
Br(t→ cγ )= 4.5× 10−12,
(26)Br(t→ cg)= 6.6× 10−11.
These numbers are almost insensitive to the mass of
the new Q = −1/3 quark for mB  200 GeV, as
can be seen from Fig. 1, and show a small increase
with mB . The corresponding asymmetries are
aγ =−0.05,
(27)ag = 0.56.
In general, the CP asymmetries take values in the
intervals −1 aγ  1, −1 ag  1. The decay rates
to up quarks are larger,
Br(t→ uγ )= 7.4× 10−12,
(28)Br(t→ ug)= 9.5× 10−11.
The branching ratios in Eqs. (23)–(28) are too small
to be measurable in the near future. The estimated
3σ sensitivities of LHC to these decays are Br(t →
cγ ) = 1.2 × 10−5 [27], Br(t → uγ ) = 3.0 × 10−6
[12], Br(t → cg) = 2.7 × 10−5 and Br(t → ug) =
4.1 × 10−6 [28], with an integrated luminosity of
100 fb−1. The TESLA sensitivity to t → cγ is better
but not enough, Br(t → cγ ) = 3.6 × 10−6 [14] with
a centre of mass energy of 800 GeV and a luminosity
of 500 fb−1. Hence, we observe that in models with
up-type singlets the rates for t → qZ, q = u, c can be
observable but not the rates for t → qγ and t → qg,
which are four and three orders of magnitude smaller,
respectively. This fact contrasts with the results for two
Higgs doublet models or supersymmetric extensions
of the SM, where the branching ratios for t → cZ
and t → cγ are similar, and the branching ratio
for t → cg is one order of magnitude larger. This
difference would allow for a consistency check of the
models, should a positive signal of top FCN decays be
discovered.
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Appendix A. Form factors for t→ cγ and t→ cg
The contributions to Aγ and Bγ of diagrams (1a)
and (1b) with an internal quark di are
Aγ,1a =−Qig
2e
2
1
16π2
V2iV
∗
3i
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× {(mt +mc)C0 + (2mt +mc)C1
+ (mt + 2mc)C2 +mtC11
(A.1)+ (mt +mc)C12 +mcC22
}
,
Bγ,1a =−Qig
2e
2
1
16π2
V2iV
∗
3i
× {(mt −mc)C0 + (2mt −mc)C1
+ (mt − 2mc)C2
+mtC11 + (mt −mc)C12
(A.2)−mcC22
}
,
Aγ,1b =−Qig
2e
4M2W
1
16π2
V2iV
∗
3i
× {mc(m2t − m¯2di
)
C1 +mt
(
m2c − m¯2di
)
C2
+ (mtm¯2di +mcm2t
)
C11
+ [mt(m2c + m¯2di
)+mc(m2t + m¯2di
)]
C12
(A.3)+ (mtm2c +mcm¯2di
)
C22
}
,
Bγ,1b =−Qig
2e
4M2W
1
16π2
V2iV
∗
3i
× {−mc(m2t − m¯2di
)
C1 +mt
(
m2c − m¯2di
)
C2
+ (mtm¯2di −mcm2t
)
C11
+ [mt(m2c + m¯2di
)−mc(m2t + m¯2di
)]
C12
(A.4)+ (mtm2c −mcm¯2di
)
C22
}
.
The C’s are functions of the external and internal
masses, C(m2t ,0,m2c,M2W, m¯2di , m¯
2
di
) in the notation of
Ref. [20]. For t → cg the contributions to the form
factors Ag and Bg can be obtained replacing e by gs
and setting Qi = 1 in Eqs. (A.1)–(A.4). The terms
from diagrams (2a)–(2d) are
Aγ,2a = g
2e
4
1
16π2
V2iV
∗
3i
× {(2mt +mc)C0 + (4mt +mc)C1
+ (mt −mc)C2 + 2mtC11
(A.5)+ 2(mt −mc)C12
}
,
Bγ,2a = g
2e
4
1
16π2
V2iV
∗
3i
× {(2mt −mc)C0 + (4mt −mc)C1
+ (mt +mc)C2 + 2mtC11
(A.6)+ 2(mt +mc)C12
}
,
Aγ,2b = g
2e
4M2W
1
16π2
V2iV
∗
3i
× {mc(m2t − m¯2di
)
C1 +
(
mtm¯
2
di
+mcm2t
)
C11
+ [mt(m¯2di −m2c
)
(A.7)+mc
(
m2t − m¯2di
)]
C12
}
,
Bγ,2b = g
2e
4M2W
1
16π2
V2iV
∗
3i
× {−mc(m2t − m¯2di
)
C1
+ (mtm¯2di −mcm2t
)
C11
+ [mt (m¯2di −m2c
)
(A.8)−mc
(
m2t − m¯2di
)]
C12
}
,
Aγ,2c = g
2e
4
1
16π2
V2iV
∗
3i
(A.9)× {mcC0 +mcC1 +mcC2},
Bγ,2c = g
2e
4
1
16π2
V2iV
∗
3i
(A.10)× {−mcC0 −mcC1 −mcC2},
(A.11)Aγ,2d = g
2e
4
1
16π2
V2iV
∗
3i{−mtC2},
(A.12)Bγ,2d = g
2e
4
1
16π2
V2iV
∗
3i{−mtC2}.
Here the arguments of the functions are C(m2t ,m2c,0,
M2W, m¯
2
di
,M2W). In Model I the contributions from
diagrams (3a) and (3b) with internal quarks ui are
Aγ,3a = Qig
2e
4c2W
1
16π2
× {ciLL[−(mt +mc)C0 − (2mt +mc)C1
− (mt + 2mc)C2 −mtC11
− (mt +mc)C12 −mcC22
]
+ (ciLR + ciRL)2m¯ui [C0 +C1 +C2]},
Bγ,3a = Qig
2e
4c2W
1
16π2
× {ciLL[−(mt −mc)C0 − (2mt −mc)C1
− (mt − 2mc)C2 −mtC11
− (mt −mc)C12 +mcC22
]
+ (ciLR − ciRL)2m¯ui [C0 +C1 +C2]},
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Aγ,3b = Qig
2e
8M2W
1
16π2
Xu2iX
u
i3
× {−mc(m2t − m¯2ui )C1 +mt(m¯2ui −m2c)C2
− (mtm¯2ui +mcm2t )C11
− [mt(m2c + m¯2ui )+mc(m2t + m¯2ui )]C12
(A.13)− (mtm2c +mcm¯2ui )C22},
Bγ,3b = Qig
2e
8M2W
1
16π2
Xu2iX
u
i3
× {+mc(m2t − m¯2ui )C1 +mt(m¯2ui −m2c)C2
− (mtm¯2ui −mcm2t )C11
− [mt(m2c + m¯2ui )−mc(m2t + m¯2ui )]C12
(A.14)− (mtm2c −mcm¯2ui )C22}.
The constants ciLL, c
i
LR and c
i
RL are products of left-
handed and right-handed couplings between (c, i) and
(i, t),
ciLL =
(
Xuci − δci
4
3
s2W
)(
Xuit − δit
4
3
s2W
)
,
ciLR =
(
Xuci − δci
4
3
s2W
)(
−δit 43 s
2
W
)
,
(A.15)ciRL =
(
−δci 43 s
2
W
)(
Xuit − δit
4
3
s2W
)
,
with δij = 1 if i = j and zero otherwise. For these dia-
grams the arguments of the functions areC(m2t ,0,m2c,
M2Z, m¯
2
ui
, m¯2ui ). Finally, the Higgs contribution in dia-
gram (3c) reads
Aγ,3c =−Qig
2e
8M2W
1
16π2
Xu2iX
u
i3
× {[2mtm¯2ui +mc(m2t + m¯2ui )]C1
+ [mt (m2c + m¯2ui )+ 2mcm¯2ui ]C2
+ (mtm¯2ui +mcm2t )C11
+ [mt (m2c + m¯2ui )+mc(m2t + m¯2ui )]C12
(A.16)+ (mtm2c +mcm¯2ui )C22},
Bγ,3c =−Qig
2e
8M2W
1
16π2
Xu2iX
u
i3
× {[2mtm¯2ui −mc(m2t + m¯2ui )]C1
+ [mt (m2c + m¯2ui )− 2mcm¯2ui ]C2
+ (mtm¯2ui −mcm2t )C11
+ [mt(m2c + m¯2ui )−mc(m2t + m¯2ui )]C12
(A.17)+ (mtm2c −mcm¯2ui )C22},
where the functions are C(m2t ,0,m2c,M2H , m¯2ui , m¯
2
ui
).
We take MH = 115 GeV. For t → cg the extra
contributions in Model I can be obtained replacing e
by gs and setting Qi = 1.
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